INTRODUCTION
Biological soft tissues exert mechanical resistance when subjected to a physical deformation. The degree of deformation is proportional to the elasticity of the tissue; i.e., softer tissue deforms more and harder tissue stays rigid. The elastic properties of the tissue are mainly determined by the structural components of the tissue, such as fat, collagen, myofibrils, and protein contents. The percentages of these components in the meat are related to juiciness, tenderness, and palatability of the beef. However, these constituents are difficult to measure non-destructively for the purpose of evaluating the quality and value of beef.
Currently, the beef carcass quality grades in the USA are determined according to the guidelines from the United States Department of Agriculture (USDA). A cross-section of the longissimus dorsi (ribeye) muscle between the 12 and 13th ribs of the carcass is visually evaluated for the content and distribution (marbling) of intramuscular fat by the USDA certified grading inspectors. Although there is a good correlation of the subjective USDA marbling grades with chemically determined actual intramuscular percentage of fat, there is a little correlation with the ultimate palatability. There has been a high demand from beef industry for an instrumental objective method of consistently and accurately evaluating the quality of beef carcasses as well as live animals. Instrumental percentage fat estimation would produce more objective and quantitative grading. A prototype system for on-line quantitative grading using B-mode ultrasound has been developed and evaluated in a commercial meat packing plant. This system can predict the percentage fat with good accuracy [1, 2] . We are now investigating possibilities of using ultrasonics to evaluate tissue characteristics which can predict the ultimate palatability. Preliminary work has been done for measuring tissue elasticity using ultrasound for tenderness evaluation purposes. The amount and concentration ratios of tissue constituents such as fat, collagen, myofibrils and protein content strongly effect the elastic properties of the beef muscle.
In the past, several ultrasonic methods for deriving information related to the elastic properties of the soft tissues have been proposed and reviewed [3] [4] [5] [6] [7] . In a method called elastography, Ophir et al. [3] ultrasonically imaged the strain and elastic modulus distributions in biological tissues quantitatively and showed that the resulting elastographic images display the softnesslhardness of the tissue. They suggested that the technique would be very useful in detecting pathological state of the tissues in vivo; for example, harder cancer tissues in softer background. Ophir et al. [4] used elastography for non-intrusive visualization of beef muscle tissue components. The elastographs indicated circular areas of relatively inelastic tissues and smaller, banding areas of elastic tissues in the cross-section of the ribeye muscle. The dark inelastic areas were interpreted as myofibrillar and the light elastic areas as perimysel connective tissue or intramuscular fat. The elastography technique was also observed to easily identify the fatty septa and a calcified abscess.
In this work, particular interest is in the quantitative measurement of the average elastic properties of the beef muscle in vitro. The main objective in the long run is to establish a methodology to predict the tendemess of the beef quantitatively and incorporate the developed methodology to the available percentage-fat grading equipment [2] with some minor hardware/software modifications to have a complete beef quality grading unit. The principles of the technique is similar to ultrasonic elastography. The compression against rib bones and use of B-mode images to estimate elasticity in the beef are the new ideas and techniques introduced in this paper. The probe is placed against the ribeye muscle across the 12th and 13th ribs to acquire the pre-compressed data. The probe then compresses the muscle against the rib bones to acquire the post-compressed data. The rib bones in this approach also serve as reference ultrasound reflectors for displacement measurements. Next, the pre-and postcompressed data is cross-correlated to predict the deformation and the strain within the tissue. Finally, the average elastic modulus of the ribeye muscle is estimated via Hooke's law. The data acquisition schemes are based on A-mode and B-mode techniques.
In the following, the utilities of the A-mode and the B-mode techniques are investigated for the elasticity estimation in the beef. We present measurement set-up and preliminary results of the early phase of our research which concerns with the quantitative elasticity predictions from the beef muscles as well as the tissue mimicking phantoms. The relative agreement between the A-mode and B-mode elasticity estimates and strong correlation of the results with the benchmark Instron measurement results are encouraging.
DATA ACQUISITION AND ELASTICITY MEASUREMENTS
The schematics of the experimental set-up is shown in Figure 1 Schematics of ultrasonic elasticity measurement set-up.
B-mode imaging, the display unit is a commercially available ultrasound scanner Aloka 500 (Corometrics Medical Systems Inc., Wallingford, CT) with a linear array transducer (3.5 MHz, 72 elements). The images of the Aloka 500 are captured by a frame grabber card and stored in the computer for further processing.
In the elasticity estimation measurement, we place the scanning probe against the ribeye muscle across the 12 and 13th ribs and record the load cell reading. In the A-mode data acquisition, the transducer operates in a pulse-echo mode, i.e., the transducer first transmits radio-frequency sound waves into the muscle and then receives the signal backscattered from the inhomogeneous interior of the tissue (due to protein, collagen, as well as fat/muscle interfaces). The backscattered signal is acquired as the pre-compressed signal, as shown in Figure 2a . In the B-mode data acquisition, the pre-compressed data is an image (Figure 2b ) which shows the intensity profile of the acoustical reflectivity of the tissue content along the lateral and longitudinal directions. The B-mode image shows the 12 and the 13th rib-bones in the lower part as two dark circular regions. A strong reflection echo at the depth around 50 mm in the A-mode signal also indicates the rib bone. Also, note that the A-mode signal has a random noise like appearance and the B-mode image has speckled texture, both due to the incoherency of the ultrasonic backscatter from the inhomogeneous muscle constituents.
In the next step, we compress the muscle by about 5% of the muscle height with an external quasi-static force on the probe, acquire the post-compressed data, and again record the load cell force reading. During the compression, the tissue exhibits viscoelastic properties and
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Typical A-mode signal (a) and B-mode image (b) from beef ribeye muscle across 12th and 13th ribs. the load cell reading drifts. To take the slow viscous properties into account, we wait for about 10 seconds after the compression and then acquire the load cell reading. The small amount of compression on the probe shifts the scattering centers within the tissue closer to the probe. The local tissue displacement is not uniform due to the inhomogeneity of the beef muscle. The softer regions deform more as compared to the harder regions in the tissue. The maximum tissue deformation is still small and the degradation in the post-compressed signal is negligible. In fact, the signal looks similar to the pre-compressed signal with some shifts. Figure 3 shows both the pre-compressed and the post-compressed B-mode images of the beef ribeye muscle. The post-compressed image is shortened in the longitudinal direction, however a similarity in the textures of both the images is observed. The size of the tissue represented by each pixel in B-mode image along the longitudinal direction is estimated in a separate experiment. An image is acquired from a muscle sample with known height and the number of pixels in the image is related to the height of the sample.
In the A-mode signal processing, we estimate the local tissue displacements using timedomain cross-correlation technique which has been described in [3] [4] [5] [6] [7] . We refer the reader to the work of Ophir et. al. [3] for further details. However, in the following we briefly summarize the signal processing method employed for the elasticity estimation using the Bmode images. We use the pre-and post-compressed images of sizes MxN pixels. We divide the pre-and post -compressed images into layers of length L, then apply the spatial crosscorrelation along the compression direction to each layer with indexj (j=l, ... ,K and K=N/L). We take the spatial shift which yield the maxima in the cross-correlation as the local displacement in the jth layer, ujCi) (i=1, ... ,M) . Next we take the average of the displacement ujCi) over the index i to find the longitudinal displacement for the jth layer. The local longitudinal strain s is obtained from the slope of the estimated displacement profile. The stress-strain relation is given by the Hooke's law
Here F denotes the amount of force applied to the probe to compress the tissue, A is the contact area of the probe with the muscle and E is the average elastic young's modulus.
We define the average longitudinal displacement as the best linear fit to the calculated displacement profile. The slope of the average longitudinal displacement profile gives the estimate of the average longitudinal strain s. The elastic modulus is obtained by inserting the slope of the average displacement curve (average longitudinal strain) and the stress on the transducer into the Eq.(l). Shows the pre-(left half) and post-compressed (right half) B-mode images of beef ribeye muscle. Equation (1) is a very crude approximation for the local elastic modulus calculation because it assumes uniaxial stress distribution in the tissue. This assumption is valid only when the size of the probe is relatively larger than the sample size. Although in our measurements whose results presented in the next section, we have violated this condition, we were able to distinguish the elastic properties of different tissues and phantoms quantitatively.
For our reference measurements and calibration purposes, we have produced several phantoms to mimic the muscle tissue acoustically. We use a very elastic and flabby gel substance made from synthetic oil. The gel has a specific gravity of 1.02 g/cm 3 . The velocity of sound in the homogeneous phantom is measured to be 1416 rnIs and the frequencydependent attenuation was found to be -1.614+3.1/ dB/cm for IMHz </ < 3.5 MHz. The corresponding infinitesimal elastic modulus was 2.045x10 6 N/m 2 . The instron value of the gel at 10% compression was found to be 698 g at peak load. We have also experimented with different processing techniques for the gel material and produced phantoms with different ultrasonic and elastic properties by adding other chemicals and materials into the gel.
We test the elasticity predictions using the A-mode and the B-mode techniques against the benchmark Instron measurement results. We follow a standard procedure of the Instron measurements. Two cubic-inch size sample from each of the ultrasonically evaluated ribeye muscles is subjected to 10% compression with a circular probe at three different locations. The amount of force and energy applied to the sample are recorded as a function of compression. An average for three locations is calculated for each parameter. The Instron values for the phantoms are taken in the same way. The peak load and energy at the peak load are two parameters used in this paper to correlate with the calculated elasticities of the samples.
EXPERIMENTAL RESULTS
In this section, we show the elastic modulus estimates from A-mode and B-mode measurements and discuss the results. In the experiments, we used two different muscle samples (Ml and M2) and two different phantoms (PI and P 2). Figure 4 shows the calculated displacement profiles from the A-mode pre-and post-compressed signal analysis (solid lines). The local displacement for the beef samples (Figures 4a and 4b) show a rapid rise for distances closer to the transducer but the displacements within the phantoms (Figures 4c and 4d ) increases almost linearly. This discrepancy is originated from the different measurement process employed for the samples and the phantoms. The measurements with the beef samples are carried out with a transducer directly in contact with the meat and as expected after the compression, the tissue closer to the transducer show larger deformation. However, each phantoms is molded in a cubic shape during manufacturing process and in the measurements we host the half-inch diameter transducer within a plate of size larger than the dimensions of the phantoms. Consequently, a uniform stress distribution within the phantoms is achieved with compression and the displacement profiles for the phantoms follow almost a linear behavior. In order to calculate average elasticity, we need the average displacement profile, and therefore we fit a linear curve to the solid lines and these average displacement curves are represented by the dotted lines in Figure 4 . Figure 5 shows the displacement profiles for the samples and the phantoms calculated from the B-mode image correlation algorithm. Again the solid lines are the calculation results and the dotted lines are the best fits to represent the average displacement. Compared to the Amode technique, the resolution in the B-mode is poorer. This low resolution is not a big disadvantage for our purposes, since we are interested in the overall average displacement in the tissue. Table 1 summarizes the average elastic modulus estimates for the muscle samples and the phantoms. The estimates are obtained by substituting the average strain (measured from the average displacement curves in Figure 4 and Figure 5 ) and the stress on the samples (difference in stress before and after the compression) into the Eq. (1). The elasticity estimates in Table 1 are presented in two columns for the A-mode and the B-mode methods. The A-mode elasticity estimates from the meat samples in the second column are larger numbers compared to the estimates from the B-mode in the third column of the table. This is because in the DISPLA CEML\T PRORLE OF MPLElI measurements we have used a small size transducer directly in contact with the muscle. Also in the calculations we assumed a uniform stress distribution within the tissue. If we use a larger size transducer we expect the elasticity values of the A-mode to be of the same order with the corresponding B-mode estimation values.
In the last column of Table 1 , the ratios of the A-mode estimates to the B-mode estimates are given (6.78 and 6.89 for the muscle samples, and 0.55 and 0.52 for the phantoms). These ratios show the relative differences in the estimates of A-mode and B-mode. It is clear that the B-mode estimates differ from the A-mode estimates by an overall constant. This shows that the accuracy of the A-mode and the B-mode estimates be the same. Therefore, either method can be utilized for average elasticity predictions from the beef. Similarly, the ratios of estimates of M 1 and M2 in each method are given in the fourth row (0.78 and 0.79) and the ratios of estimates of PI and P2 are given in the last row (1.25 and 1.18). The ratios are again almost the same. This indicates that the A-mode and the B-mode schemes have the same relative accuracy in determining the softness and hardness of a specimen.
As a reference, an objective measurement of hardness is also done on each of the muscle samples and the phantoms using a standard Instron test. Table 2 shows the Instron values taken with a circular probe at 10% compression. In the table, the energy at peak values are different but the peak load values are almost same for both the meat samples. In the case of the phantoms, the peak load values are different and the energy at peak values are the same. If we compare the results in Table 2 with the data in Table 1 , we see a correlation between the energy at peak values and the corresponding elasticity estimates from the beef samples. Similarly, an association is seen between the peak load values with the corresponding elasticity values for the phantoms. Without results from more samples, it is difficult to speculate why the elasticity estimates for beef correlate with the energy instead of the peak load of the Instron measurement or why the peak load correlates with the elasticity in the case of phantoms. At this point we speculate that this might be due to the Instron testing on a smaller piece of muscle rather than the whole muscle. However, the above correlations are very encouraging.
The preliminary results given in Table 1 and Table 2 indicate that the A-mode and the B-mode data-acquisition schemes can be used to quantitatively evaluate the softness and hardness of a specimen. The elasticity values in Table 1 predict that the meat sample Ml is softer than the meat sample M2 and the phantom PI is harder compared to the phantom P2. We studied application of ultrasound A-mode and B-mode techniques for elasticity estimation in muscle tissues and phantoms. Our practical interest is the quantitative prediction of the softness and the hardness of the beef muscle for tenderness evaluation and quality grading purposes. We calculated the elasticity by assuming a uniform stress distribution in the tissue. In spite of the limitations imposed by the uniform stress approximation, the preliminary results obtained from our analysis demonstrate quantitative features to distinguish the average elastic properties of the specimens. However, the classification is based on the relative sense. Our ultimate goal is to estimate the tenderness and ultimate palatability of the beef with measurements in carcasses as well as in live animals. We will continue to collect ultrasound data and elasticity estimates, Instron measurement results, and palatability test scores (from taste panel) for the beef ribeye muscles. In the future, we will correlate these different test results for describing the final elasticity estimation methodology to be used in the instrument beef grading equipment.
